Atrial septal defect is one of the most common congenital cardiovascular malformations, and as a result cardiologists have become generally familiar with its various clinical and hiemodynamic manifestations, and surgeons with the methods of operative treatment required. Relatively less information is available, however, concerning the effectiveness of operation as measured by the results of detailed pre-and post-operative evaluations. The present report describes such evaluations, carried out in 175 patients with atrial septal defect, who were studied and operated upon at the National Heart Institute.
substernal chest pain, 13 recurrent tachycardia, and 4 had experienced syncope. Twenty-nine patients were under treatnent for heart failure or much reduced cardiac reserve at the time of initial evaluation. Only 25 patients were completely asymptomatic, as judged by both prospective and retrospective analysis, and they were initially referred solely because a heart murmur or cardiomegaly had been detected on a routine examination.
PHYsICAL FINDINGS Right ventricular enlargement, indicated by a palpable right ventricular lift, was evident in 144 of the 175 patients. A systolic thrill along the left sternal border was palpable in 16 patients, only 7 of whom subsequently proved to have a systolic pressure gradient between the right ventricle and pulmonary artery greater than 10 mm. Hg. Fixed splitting of the second heart sound throughout the respiratory cycle was present in 161 patients; 14 (8%) exhibited normal splitting of the second sound during respiration, a finding verified in each instance by phonocardiography. The pulmonary component of the second sound was increased in intensity in 133 patients. An early systolic ejection sound was audible at the pulmonary area in 24 of the 175 patients (13%), but was not consistently related to increased pulmonary arterial pressure, as only 4 patients with this finding had a systolic pulmonary arterial pressure greater than 50 mm. Hg. A systolic ejection murmur, best heard in the second and third left intercostal spaces, was detected in 173 of the 175 patients; the usual intensity was grade 2/6 or 3/6. In one patient only a diastolic murmur characteristic of pulmonary regurgitation was present, and in another only a tricuspid flow murmur was audible. Murmurs characteristic of pulmonary regurgitation were noted in 14 patients, and only 7 of these had systolic pulmonary artery pressures greater than 30 Cohn, Morrow, (Harrison and Morrow, 1963) . Right atrial enlargement was indicated in 31 patients. In 6 other patients the P wave in lead II was broad and notched. Although this configuration is generally considered to represent left atrial enlargement, it has previously been observed in patients with atrial septal defect and probably results from a disturbance of intra-atrial conduction (Sanchez-Cascos and Deuchar, 1963) . The electrocardiograms of 4 patients were entirely normal.
RADIOLOGICAL FINDINGS
The right ventricle and main pulmonary artery were enlarged in 130 of the 175 patients. Increased prominence of the pulmonary vasculature was evident in 155 patients, and ranged in severity from a mild increase to frank plethora. A radiological diagnosis of pulmonary hypertension, indicated by increased central vascularity and tapering of pulmonary arteries toward the periphery, was made in 14 patients, all of whom were subsequently shown to have systolic pulmonary arterial pressures greater than 70 mm. Hg. The radiographic appearance of the heart and great vessels was normal in only 3 of the 175 patients.
H)MODYNAMIC FINDINGS
All patients were studied before operation by right heart catheterization. The presence, site, and magnitude of the left-to-right shunt was established by the results of inhaled 85Kr (Sanders and Morrow, 1959) or N20 tests (Morrow, Sanders, and Braunwald, 1958) , and also by oximetry when a bidirectional shunt was present. Arterial indicatordilution curves were also recorded in all patients after injections into the right side of the heart, and usually after injections into the left atrium, left ventricle, and one or more pulmonary veins.
The right ventricular systolic pressure was 30 mm. Hg or more in 101 of the 175 patients, and 30 had a right ventricular systolic pressure of 50 mm. Hg or more. In most of these patients the pulmonary arterial systolic pressure was equal to that in the right ventricle, but in several younger patients significant flow gradients between the right ventricle and pulmonary artery were recorded. Increase of the right ventricular end-diastolic pressure above the normal level of 6 mm. Hg was noted before operation in 35 patients. The right ventricular end-diastolic pressure was 10 mm. Hg or more in 10 patients, 9 ofwhom had raised right ventricular systolic pressures.
The left ventricle was catheterized, via the interatrial communication, in 126 patients, and in 5 the left ventricular end-diastolic pressure was abnormally high (> 12 mm. Hg). Four of these patients had Qp/Qs greater than 2 0/1 .0, and the fifth had a systolic pulmonary arterial pressure of 95 mm. Hg. All but one of the 5 patients with abnormal left ventricular end-diastolic pressures also had abnormally raised right atrial mean pressures.
Systolic pressure gradients between the right ventricle and pulmonary artery were recorded in 112 patients, ranging from 1 to 33 mm. Hg, and averaging 6 mm. Hg. In atrial septal defect, such pressure gradients have been attributed to increased blood flow across a relatively rigid valve ring which does not dilate to the same extent as the pulmonary artery (Schrire and Vogelpoel, 1964) . Among the present patients, however, there was no correlation between the magnitude of the "flow" gradient and the magnitude of the pulmonary to systemic flow ratio. Of the 112 patients with gradients, only 19 had a Qp/Qs in excess of 2 5/1 0; 11 had a Qp/Qs greater than 3 0/1 0. Of 19 patients with gradients of 10 mm. Hg or more, only 10 had a Qp/Qs in excess of 2 0/1 -0. Fifty-eight patients demonstrated pressure gradients in excess of 5 mm. Hg, and again no correlation with the Qp/Qs could be discerned.
The mean pressure was recorded as the cardiac catheter was withdrawn from the left atrium to the right, across the interatrial defect, in 159 patients; in 82 a small pressure differential from 1 to 5 mm. Hg (average 1 8) was noted; the left atrial always exceeded the right atrial pressure. The average size of the defects in these 82 patients, as determined at operation, was approximately 3 cm. This 'finding contrasts with a popular conception Operative Treatment of Atrial Septal Defect that with defects greater than 2 cm. the two atria are functionally a common chamber and that the pressures in them are identical (Nadas, 1963) .
In every patient a left-to-right shunt was shown to enter the right atrium. The Qp/Qs ranged from 1-2/1 0 to 6-0/1 0, and averaged 21/1 0. Right-toleft shunts at the atrial level were demonstrated in 40 patients by arterial indicator-dilution curves recorded after injections into the venm cave or right atrium.
Attempts were made to define the drainage pathways of the pulmonary veins in all patients, by comparison of the appearance times and contours of arterial indicator-dilution curves recorded after injections into the pulmonary veins, right atrium, and vene cave (Braunwald, Lombardo, and Morrow, 1960) . In 25 patients such pre-operative assessments indicated partial anomalous pulmonary venous connexions, and in 19 of these patients sinus venosus defects and anomalous right pulmonary venous connexions were found at operation; in the other 6, large defects of the secundum type were present. In the other 6 patients who proved to have sinus venosus defects, the correct diagnosis was not established before operation, usually because indicator-dilution curves from appropriate sites of injection could not be obtained. Indicator-dilution curves were recorded after left atrial injections in 17 patients with sinus venosus defects; in 10 of the 17 patients no left-to-right shunt was apparent, indicating that in them the shunt originated almost entirely from the anomalous pulmonary veins.
OPERATIVE METHODS
AU patients were operated upon with the use of cardiopulmonary bypass. The early and generally unsatisfactory experience in this clinic with the operative treatment of atrial septal defect during inflow occlusion and general hypothermia has previously been reported . A complete median sternotomy was almost universally employed, though right thoracotomies were used in some patients. The heart-lung machine consisted of a disc oxygenator and roller pumps, and in most instances was primed with heparinized whole blood which had been drawn from donors 48 hours previously. Bypass was conducted at 37°C., and flow rates of 2-0-2-2 l./min./m.2 were provided.
The septum secundum defects were of the recognized anatomical types, i.e. foramen ovale, inferior vena cava, and posterior; they ranged in diameter from 1 to 6 cm. In some instances two defects separated by strands of fibrous tissue were present, and were converted to a single defect by excision of the intervening tissue. In 129 patients with septum secundum defects the interatrial septum was reconstituted with a patch of knitted teflon fabric, and the specific operative methods are illustrated in Fig. 1 and 2. Only 21 secundum defects were closed by direct suture. The sinus venosus defects were all repaired by the insertion of a teflon fabric patch which partitioned the superior vena cava and right atrium in such a manner as to direct the flow from the upper and middle lobe pulmonary veins into the left atrium ( Fig. 3-5 ).
Interatrial communications were closed with perforated prostheses in 6 adult patients, 5 of whom had severe pulmonary hypertension and bidirectional shunts. The sixth patient had systemic hypertension and had had pulmonary cedema and left ventricular failure; in him the perforated patch was employed to permit decompression of the left rather than the right ventricle in the early postoperative period. Four of these patients had secundum defects, and 2 had sinus venosus defects. All of these 6 patients survived operation.
RESULTS OF OPERATION
Six of the 175 patients (3 4%) died at or following operation. All 6 patients had septum secundum defects, and the principal causes of death in each patient are summarized in Table I . Post-operative complications of greater or lesser significance occurred in 88 of the 175 patients, and these are summarized in Table II . Arrhythmias represented more than half of all complications, and atrial flutter, atrial fibrillation, and rapid nodal rhythm were most frequently observed. In only 3 patients did a postoperative arrhythmia (atrial fibrillation) persist until discharge. The methods in this clinic for the management of post-operative arrhythmias, and the other frequent complications of cardiac operations, have been presented elsewhere in detail (Williams, Morrow, and Braunwald, 1965 patients by the results of the inhaled foreign gas tests, and by the appearance times and contours of indicator-dilution curves recorded after injections in the right heart and/or pulmonary artery. Of these 133 patients without significant residual hwmodynamic abnormalities, 125 were asymptomatic; all of the remaining 8 patients described symptomatic improvement, but some limitation of Systolic pressure gradients between the right ventricle and pulmonary artery in excess of 5 mm. Hg disappeared after operation in 23 of the 53 patients in this group in whom such gradients had been demonstrated before operation. In those in whom gradients persisted, they ranged from 1 to 10 mm. Hg, and averaged 4 mm. Hg. Normal right ventricular end-diastolic pressures were demonstrated in 28 of the 31 patients in whom this pressure was abnormally raised before operation.
Twenty-three patients who had severe pulmonary hypertension before operation (right ventricular systolic pressure 50 mm. Hg or greater) were studied after surgery. In 14 the systolic right ventricular pressure was less than 40 mm. Hg, and in 7 it was 30 mm. Hg or less (Fig. 6) . Of these 14 patients, also considered in the foregoing analysis, 2 (ages 44 and 56) had been in congestive heart failure. One of them was asymptomatic after operation.
In the 9 remaining patients the right ventricular (Braunwald and Morrow, 1963) , and the pre-and post-operative right ventricular pressures in all 5 are included in Fig. 6 . The right ventricular pressure in one patient fell from 100 to 35 mm. Hg, but in the others the systolic pressure remains at or near pre-operative levels. In 4 patients determinations of the pulmonary to systemic resistance ratio were made both before and after operation. All were raised before (0-29 to 0 55, average 0 44), and no significant changes occurred after operation, the ratios ranging from 0 36 to 9 55. One patient has no residual shunt through the prosthesis (36 months); 2 have negative 85KKr inhalation tests, but small left-to-right shunts are evident on indicator-dilution curves (8 and 12 months); the remaining 2 patients have residual left-to-right shunts resulting in Qp/Qs of 1.1 and 1 2: 1, respectively. No patient has a right-to-left shunt.
Residual left-to-right shunts were found at postoperative cardiac catheterization in 11 of the 148 patients in whom immediate and complete correction of the malformation had been attempted, i.e. patients in whom a perforated prosthesis was not inserted. Eight of the patients had secundunm defects, and 3 had venosus defects. In 4 patients with residual shunts secundum defects had been closed by direct suture, a method no longer employed in this clinic. Seven of the 11 patients were asymptomatic after operation, and 6 of them had small shunts, Qp/Qs being 1 3/1-0 or less. The 3 patients who improved (Class II) have larger shunts (Qp/Qs 1 -3-1 5/1 -0), but a further operation was not recommended. The remaining patient Cohn, Morrow, and Braunwald is the only one in the entire group of operative survivors whose symptoms became worse after operation. Before operation, he had only slight exertional dyspncea, and Qp/Qs was 2 0/1 -0. Three months after operation he became distinctly more symptomatic, and developed left and right heart failure; only a small residual shunt was demonstrated at catheterization, but the right atrial and right ventricular end-diastolic pressures were strikingly raised. He was considered to have developed a cardiomyopathy of unknown type. In 9 of the 11 patients who later proved to have residual shunts, appropriate arterial indicator-dilution curves were recorded at the conclusion of the operative procedure (Morrow et al., 1966) . In 3 patients the contours of the curves were normal, indicating that a complete repair was achieved, but was followed by recurrence of the defect; in 6 patients the intraoperative curves were abnormal, indicating that the initial repair was incomplete.
One additional patient, not previously described, was found to have a small (Qp/Qs= 1 2/1 0) residual shunt after repair of a secundum defect. Postoperative hemodynamic and angiographic studies demonstrated that the defect was closed, and that the shunt resulted from a previously unrecognized connexion of a left pulmonary vein to a left vena cava. He was asymptomatic.
COMMENT In this clinic a decision concerning the advisability of operative treatment in a patient with atrial septal defect is arrived at only after both clinical and hmmodynamic assessments. Operation has usually been recommended to any patient, symptomatic or not, when a pulmonary to systemic flow ratio 1.5/1.0 or greater is demonstrated at cardiac catheterization. Infants, unless in severe cardiac decompensation, or patients with serious intercurrent disease constitute infrequent exceptions to this general policy. When severe pulmonary hypertension and a bidirectional shunt are demonstrated at pre-operative study, operation has been advised whenever the net flow through the defect has been shown to be left to right; in such patients gradual closure of the communication with a perforated prosthesis has generally been employed. The results of operative treatment in the 175 patients described indicate that these criteria are generally valid ones in the management of patients with atrial septal defect.
Six of the 175 patients (3 4%) died at or following operation, and the principal contributory factors are worthy of comment. Four of the patients were adults, all over 40 years of age; 3 of them had been treated for congestive heart failure, and 2 had severe pulmonary hypertension. These factors, prior congestive heart failure, advanced age, and pulmonary hypertension, have been designated in other reports as contributing to an increased operative risk in atrial septal defect (McGoon et al., 1959; Gross, 1962; Sellers et al., 1966) . In 3 of these patients, however, these factors were not directly responsible for the deaths which resulted from technical errors (air embolism, lung laceration, infection). The deaths of the two children were probably the result of the inadequate methods utilized in managing post-operative respiratory complications at the time they were operated upon (1958 (Sellers et al., 1966) . Fortunately, the residual shunts have generally been small, and no patient has required a second operation. Incomplete repairs may be largely obviated by more precise operative methods. Direct suture of secundum defects is inadvisable, since dehiscence of the suture line may result when the heart fills with blood (Beck et al., 1960) , the pulmonary arterial systolic pressure remained greater than 40 mm. Hg in 6 patients after operation; in patients with normal pressures at rest, increases to abnormal levels were observed with muscular exercise. Unlike patients with large ventricular septal defects, where pulmonary vascular changes may begin in infancy (Shepherd, 1959) , pulmonary vascular disease is rarely seen before the third decade of life in patients with atrial septal defect (Dexter, 1956 ), a finding substantiated by this study. It has been postulated that the hamodynamic sequelse of an atrial septal defect, high pulmonary flow at a low pulmonary arterial pressure, require 20 or more years to produce pulmonary vascular disease. Thus, despite complete repair of the defect, varying degrees of increased pulmonary vascular resistance persist in many older patients following operation. The important question as to whether the pulmonary vascular resistance may ultimately fall can be answered only by the results of hemodynamic studies performed at much later post-operative intervals.
SUMMARY
The results of operative treatment were assessed in 175 patients with atrial septal defects; 150 had defects of the septum secundum type, and 25 had sinus venosus defects with partial anomalous pulmonary venous connexion. Forty-one patients were younger than 13 years, 37 older than 40; 150 patients were symptomatic, and 29 were under treatment for heart failure. Cardiac catheterization was performed in every patient before operation, and left-to-right shunts resulting in pulmonary to systemic flow ratios of 1 '2/1 -0 to 6 0/1 0 were demonstrated. Right-to-left shunts were present in 40 patients. The right ventricular systolic pressure was abnormally high (> 30 mm. Hg) in 101 patients, and it was 50 mm. Hg or greater in 30.
During cardiopulmonary bypass, 129 secundum defects were closed with prostheses, 21 by direct suture; prostheses which partitioned the atrium and cava and diverted the return from the anomalous pulmonary veins were utilized in all sinus venosus defects. Perforated intracardiac prostheses were employed in 5 patients with extreme pulmonary hypertension and bidirectional shunts; all survived. Six of the 175 patients (3 4%) died at or following operation, and significant but not fatal complications occurred in 88 patients.
Detailed post-operative clinical and heemodynamic evaluations were performed in 154 surviving patients; 135 are asymptomatic, 18 improved, and one patient worse as the result of cardiomyopathy. Complete abolition of circulatory shunts was proved at post-operative cardiac catheterization in 93 per cent (137/148) of patients in whom complete closure was attempted. In no patient has a residual shunt necessitated further operation. Of 30 patients with right ventricular systolic pressure greater than 50 mm. Hg before operation, 23 were recatheterized; 7 have normal pressures, while in 16 the right ventricular pressure was found to be reduced but still abnormal.
